Additive Manufacturing (AM) technologies, technologies that produce three-dimensional parts layer by layer from a material, have the potential to revolutionize the paradigm of manufacturing. Furthermore, in recent years AM technologies have sparked intense interest for developing medical implants, devices, and scaffolds. In this context, the main objective of this article is to present an overall view of the trends and the impact of the research carried out in AM technologies for biomedical engineering applications. Therefore, to achieve the main objective, a research trend and scientific impact analysis model was designed and implemented, to carry out a bibliometric indicator analysis, in general, and a web indicator analysis, in particular. The findings obtained will advance the means of visualizing the state of research in AM for biomedical engineering technologies.
Introduction
The term "Industry 4.0" is used to indicate the fourth industrial revolution, a new industrial model enabled by the introduction of the Internet of Things into the production and manufacturing environment (Tjahjono et al., 2017) . To achieve this new paradigm, Industry 4.0 is based on a set of key technologies that, when combined, make this new industrial model possible. Thereby, nine technologies are transforming industrial production: Big data and analytics, autonomous robots, simulation, horizontal and vertical system integration, the industrial internet of things, cyber security, the cloud, augmented reality, and additive manufacturing (AM).
In this context, one of the most visible elements of Industry 4.0 is the growth of AM technologies (Cruickshank, 2017) , technologies that can produce desired parts faster, more flexibly and more precisely than ever before, i.e., technologies that can produce higher-quality goods at reduced costs.
These technologies produce three-dimensional parts layer by layer from a material and have the potential to revolutionize the paradigm of manufacturing (Quarshie et al., 2012) . In terms of industry specifics, AM has thrived considerably in particular areas over the last few years (AM Platform, 2014) . The technology cuts across a large number of industries and applications, and that is part of what makes its potential so compelling. Aerospace, automotive, and medical products, among others, will drive AM into the future (Bourell; Leu; Rosen, 2009). Specifically, in recent years AM technologies have sparked intense interest for developing, among other things, medical implants, devices, and medical scaffolds (Singh; Ramakrishna, 2017) .
Thus, in recent years the research community has worked to develop and improve the knowledge landscape of these research fields; however, the trends and the impact of such work have not been analyzed. Assessing trends and the value of research is becoming increasingly important Kousha, 2015a; 2015b; Thelwall, 2016; Filser;  Da-Silva; De-Oliveira, 2017) and the need to evaluate the research carried out by organizations involved in research and development and innovation (R&D&I) processes has increased dramatically in recent years.
In this way, the main aims of this study are to present an overall view of the trends and the impact of the research carried out in AM technologies for biomedical engineering applications.
The findings obtained will advance means of visualizing the state of research into AM technologies for biomedical applications. This will help, on the one hand, to better understand how structured this research field is and how it is growing, as well as identify the major actors. On the other hand, it will provide a better understanding of the impact or the benefits that research into these technologies has in different fields. This study will make it possible to know the evolution of the existing literature on technologies that will change, among other things, productive systems, skills, and well-being (OECD, 2016) , and that will have great implications for policy makers (Campbell et al., 2011) .
Research methodology
The main goal of the study is to present an overall view of the trends and the impact of research carried out on a technology. To do so, this article carries out a bibliometric indicator analysis, in general, and a web indicator analysis in particular.
A bibliometric analysis is a quantitative method that, based on analysis of related publications, allows the knowledge structure and the development of research fields to be examined (Jing; Qinghua; Landström, 2017) . In this way, the simplest bibliometric indicator is the number of publications in a particular field. However, other indicators, such as cited references and citation counts, have gained importance for evaluating research performance and impact (Holmberg, 2015; Marx; Bornmann, 2016) .
Web indicator analysis is a quantitative method that evaluates web indicators, where a web indicator is a number that is ideally associated with an aspect of research performance or impact, and that is derived from the Web and in no way based on counts of citations from academic journal articles. Therefore, different web indicators can show, among other things, the academic; educational; commercial and industrial; and public engagement impact of a set of publications (Thelwall, 2016) . Figure 1 shows the overall procedure for analyzing the trends and the impact of the research carried out on different technologies. The research methodology starts with the selection and determination of the targeted technologies; the second step consists of identifying relevant keywords; and, next is the selection of primary search engines and the adaptation of the query to the selected databases. These steps are fundamental and expert assessment is used to evaluate all of them. Next, a bibliometric indicator analysis, in general, and a web indicator analysis, in particular, are carried out. These include, on the one hand, the identification of main bibliometric indicators to obtain scientific publication trends and impact results, and on the other hand, the identification of main web indicators that further examine the knowledge of publication impact results. Finally, the state of research is visualized with the findings obtained.
Application of the proposed model to AM technologies for biomedical engineering applications
The research trends and scientific impact analysis model proposed in figure 1 were implemented for technologies for biomedical engineering applications.
Thus, we began with the selection and determination of AM technologies as targeted technologies, and more specifically, for biomedical engineering applications. This decision was made with the help of an expert in the field 1 .
After that, in collaboration with the expert throughout the whole process, and based on studies in AM technologies (Gridlogics Technologies Pvt Ltd, 2014; Rodríguez-Salvador; Río-Belver; Garechana-Anacabe, 2017), a proper set of terms related to Additive Manufacturing and Bioprinting technologies was defined (see figure 2). To this end, two main terminology blocks were built: (1) Additive Manufacturing and bioprinting terms and (2) exclusion terms.
In addition, in order to find biomedical engineering applications of these technologies, the research query was completed by using the set of terms defined only in the 78 journals categorized in biomedical engineering, established in Journal Citation Reports (JCR); the JCR year selected was 2017 (see Appendix).
In this study, the selected primary search engine was the Web of Science (WoS) database, since it offers comprehensive coverage of scientific journals with multidisciplinary information from over 18,000 high impact journals (Filser; Da-Silva; De-Oliveira, 2017; Clarivate, 2018).
The publications obtained from the WoS Core Collection were gathered and analyzed, making it possible to present an overall view of the trends and the impact of the research carried out in AM technologies for biomedical engineering applications (see It was not possible to obtain directly the country and the affiliation of the cited references from the WoS database. Therefore, all cited references under study were obtained from their DOI from the WoS database.
The software used to gather, clean, analyze, and visualize article data were VantagePoint and VOSviewer. As far as the mapping and clustering of bibliographic networks was concerned, the VOS mapping technique was used ( Waltman, 2007) . We used the VOSviewer software to apply this technique ( Waltman, 2011) . In this case, the mapping technique was performed on the basis of the co-occurrence matrix and the similarity matrix, the latter being obtained from the application in the co-occurrence matrix similarity measures, specifically known as the associative strength ( Waltman, 2009; . The map that was defined based on similarity indicated the degree of relationship between the terms, i.e., a close position indicated a high degree of relationship between the items. In addition, the clustering technique, based on the VOS mapping technique (Waltman; Van-Eck; Noyons, 2010), made it possible to group items into research fields. (Thelwall, 2009a; 2009b) . As far as the analysis of the impact of research was concerned, we used another bibliometric indicator called citation counts, i.e., how often each of the publications was cited in the WoS database. In addition, web indicators were also used to measure the impact of publications. Although there are many different types of web indicators, in this case, academic plus industrial and commercial impact indicators were used. The academic impact was measured from Mendeley readers (Mendeley readers of lists of scientific articles gathered) and Wikipedia citations (Wikipedia citations to a list of scientific articles gathered). And finally, the industrial and commercial impact was measured from Google Patents citations (citations from patents to a list of scientific articles gathered) (Thelwall, 2016) . The software used to gather and analyze web data was Webometrics Analyst (Thelwall, 2009a; 2009b) .
Web indicator
The type of documents analyzed was articles because, when calculating field normalized indicators, it is best to analyze only one document type-usually articles (Thelwall, 2018) .
In the case of bibliometric analysis, articles published from 2000 to 2017 were analyzed. For impact indicator analysis, the years chosen for the analysis were from 2006 to 2015, i.e. a decade. The first few years were ignored due to the scarcity of results and it was decided that 2015 would be the last year analyzed as this left a performance interval of more than two years until the present, making it possible to analyze the impact of recently published articles in the field of interest. Also, it was analyzed if the research from predominant countries (countries with the highest number of publications) has higher impact than the world average.
Results
The query found 1,223 journal articles published from 2000 to 2017 concerning AM technologies for biomedical engineering applications (see appendix), and 33,868 references cited in those articles.
In order to analyze the most significant references, only those that were cited more than 5 times were taken into account. Thus, the sample was reduced to 778 documents. From those 778 documents it was possible to obtain the DOI of only 744 references, and finally, it was possible to find 737 of those documents in the Web of Science Core Collection. Therefore, the number of references analyzed was 737.
For impact analysis, the query used recovered the number of articles shown in Table 2 (see appendix). The analysis of the results obtained is described in the following sections.
Research trends
To identify where and how technologies emerge, scientific publication trends have been drawn after the results obtained from WoS analyses. More specifically, the section structures and analyzes the variables "Publication year", "Country", "Affiliation", "Author", "Journal", "Keywords", and "Research area" of the articles retrieved, and their cites, in AM technologies for biomedical engineering applications.
Publication year analysis
Although there were articles published after 2000, the greatest activity was in recent years. Figure 4 shows that article publication growth was exponential (the coefficient of determination is R 2 = 0.8857) and that the instant growth rate was 0.2943. It can be seen that, in recent years, AM technologies for biomedical engineering applications have become of growing interest and with very intensive article publication. Figure 4 shows that article publication growth follows the bibliometric law of exponential growth (Derek J. de Solla Price's law) (Ardanuy, 2012) . According to that law, the scientific production in this field is in the phase of exponential growth, i.e., it is an emerging research front.
Country analysis
The predominant country, by far, with the highest number of publications, and with the highest number of cited references, is the USA (see table 3 ). More than 34% of all articles published on AM technologies for biomedical engineering applications, and more than 50% of the references analyzed, were from that country. Therefore, the country with the greatest research activity in that field, and providing most knowledge, was the USA.
China also has extensive research activity; however, its contribution to this particular field has been secondary: despite being the second country with the highest number of publications (17.09% of the articles), it is relegated to ninth position in the rank of cited countries (3.93% of the cited references).
In addition, except on two occasions, there was a relationship between the countries that provided knowledge (countries referenced) and the countries that were researching the subject in question. 
Institution analysis
The top publishing and cited institutions are universities (see table 4 ).
The institution that has published the most articles about AM technologies for biomedical engineering applications is the Massachusetts Institute of Technology (36 articles) and the institution that has been the most cited is Harvard University (72 articles), closely followed by the Massachusetts Institute of Technology (70 articles), both from the USA.
On five occasions, the institutions from which the knowledge comes from matches the institution where the research is being developed. Table 5 provides an overview of the 10 journals with the most occurrences.
Journal analysis
The journal Biomaterials was the most prolific journal in AM technologies for biomedical engineering applications and also the most cited.
As expected, all the journals that publish research carried out in AM for biomedical engineering are journals that specialize in biomedical engineering. Other less specific journals have also been cited, therefore the knowledge also comes from other research fields such as life and physical sciences. Even so, in this case too, there was some correspondence between journals that published articles about AM technologies for biomedical engineering applications and journals cited in these articles. Table 6 shows the 10 authors with the most occurrences and the 10 most cited authors. Among all the authors, the two most prominent are Dong-Woo Cho and Ali Khademhosseini. In addition to being the authors with more articles published about AM technologies for biomedical applications, they were also the most cited.
Author analysis

Research area analysis
According to the categories of the Web of Science, in all cases, as expected, articles studied were in the "Engineering, Biomedical" category, but in most cases, also in the "Materials Science, Biomaterials" category (see figure 5). In the case of cited documents, i.e. in the case of the knowledge used, the two predominant areas were the same (see figure 6) . Therefore, the importance of Materials Sciences and Biomaterials for that field was noted.
The institution that has published the most articles about AM technologies for biomedical engineering applications is the Massachusetts Institute of Technology (36 articles) and the institution that has been the most cited is Harvard University (72 articles)
Keyword analysis
The distance-based graph allows us to define the relationship forces of items, i.e., the closer they are the stronger their relationship. With regard to mapping keywords relating to the articles under study, the main hotspots that have a strong relationship between them are, on the one hand, "3D print" "Scaffold" "Additive manufacturing" "bone" and "rapid prototype", along with "Tissue Engineering", "3D bioprinter" and "hydrogel", and on the other hand, "layer by layer" and "alginate" (see figure 7) . Figure 6 . The 10 most frequent research areas in references used for AM technologies for BE application articles Enara Zarrabeitia-Bilbao; Izaskun Álvarez-Meaza; Rosa-María Río-Belver; Gaizka Garechana-Anacabe e280220
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As far as mapping keywords of the cited articles is concerned, the main points of knowledge are linked to "scaffold", "bone", "bone tissue engineering", "rapid prototype", "3D print" and "hydroxyapatite", and conversely "tissue engineering", "biomaterial", "hydrogel" and "bioprinter" (see figure 8 ).
The clustering process carried out on the map of study articles defines 5 clusters, the terms of which allow us to define the following research fields: "Tissue engineering and bioprinting", "Scaffold and bone tissue engineering", "3D print and rapid prototyping", "layer by layer -surface modification -alginate" and "microstructure and stem cell". Regarding the clusters defined in the keyword map of the cited articles, there are also 5 clusters that define the following research areas: "Scaffold and bone tissue engineering", "Tissue engineering and bioprinting", "3D print and bone", "Biomimetic and microstructure" and "Regenerative medicine".
Research impact
In this section, in order to appreciate the impact of these technologies, the impact that scientific publications had was determined from the results obtained from different impact indicator analyses. Moreover, the research impact measured and analyzed was varied: academic impact (from citation counts, Mendeley readers, and Wikipedia citations), and industrial and commercial impact (from Google Patents citations).
In addition, with the USA and China the countries with more publications in the field of study, the behavior of the impact of the research carried out by these countries was analyzed. Tables 5 and table 6 contain the arithmetic mean, the geometric mean, the arithmetic mean of the log-transformed of the indicators analyzed, and the proportion of articles with at least one measure. In addition, where possible, 95% confidence intervals are given. They also contain the Mean Normalized Log-transformed Citation Scores (MNLCS) 2 and the Normalized Proportion Cited (EMNPC) 3 with confidence intervals, where possible.
Academic impact
Citation counts
First, it can be seen that the most cited articles, in general, are those that have been published earlier, i.e., those that have had the longest time to be cited (see table 7 ).
From the results obtained, it is observed that, on the one hand, practically all articles are cited at least once; and on the other hand, in general, the USA is cited above the world average, however, this does not occur with China.
For articles published from 2006 to 2015, the MNLCS values are higher than 1 for the USA, which indicates that the citation counts for the USA tend to be above the world average. However, for articles published in 2014 the confidence interval does not contain 1 so only in that case is the difference statistically significant, for the rest of the years the difference is not statistically significant. In the case of China, it is observed that, in general, Chinese articles are cited below the world average.
Finally, for articles published in the decade analyzed, when the non-zero proportion is not 1 for the World, the USA and China are above the world average for the proportion cited (except in the case of 2013 for the USA, and 2013 and 2015 for China), i.e. EMNPC values are higher than 1.
Mendeley reader counts
Mendeley readership counts are useful indicators of academic impact and they can provide earlier evidence of impact than citations might (Thelwall, 2016; Aduku; Kousha, 2017) .
In this case, the most read articles, in general, are not those that have been published earlier, i.e., there is no relation between the publication date and number of readers (see table 8 ).
Practically all articles have been gathered by Mendeley users. Likewise, it is observed that practically all articles analyzed from the USA and China have been gathered in Mendeley at least once.
Finally, the articles from USA are more read than the world average. The MNLCS value is higher than 1 for all analyzed years. Nevertheless, the same does not occur in the case of China, i.e. the research analyzed from China is less read than the world average, in general.
Wikipedia citation counts
Wikipedia citations are a useful new source of evidence for scholarly impact; however, citations from the online encyclopaedia to academic studies may reflect the value of research for a more general public or education (Thelwall; Kousha, 2015a; Kousha; Thelwall, 2017a; Thelwall, 2018; Thelwall; Sud, 2018). Nonetheless, in this case, it is observed that practically no articles of the study were cited on Wikipedia (see table 9 ). The proportion of articles with at least 1 Wikipedia citation was a maximum of 3.6% in 2010. Moreover, no Chinese article were mentioned on Wikipedia.
Industrial and commercial impact
Google Patents citation counts
Citations from patents to scientific articles could be used to assess the commercial value or technological benefits of the cited studies Kousha, 2015a; Thelwall, 2018) .
In this case, it can be observed that the most cited articles in patents, in general, are those that have been published earlier, i.e., those that have had the longest time to be cited (see table 10 ).
In this case, both countries, the USA and China, in general, are cited above the world average and their non-zero proportion is also above world average. Within this scenario, the USA and China are undoubtedly the central characters in scientific production in this field. In this case, the USA shows the supremacy also demonstrated in other studies related to both research areas, additive manufacturing, and medicine; however, in the case of China it seems that this position is due to the area of the technology and not to the medicine. While in other studies related to the technology, both countries are among the first positions, in the case of China, in other studies related to medicine it does not appear in the first positions of the countries with more publications ( The top publishing and cited institutions, as expected, are universities. However, the presence of certain laboratories or medical centers is omitted. Due to this, it would be interesting, for future works, to include an analysis of the departments (Filser; Da-Silva; De-Oliveira, 2017) which were involved in the published articles and analyze if there are more medical or more technical departments.
The findings from academic impact and industrial and commercial impact indicators suggest that AM technologies for biomedical engineering application research, in general, produces good results, and, consequently, fine quality research is performed.
In the case of citation counts for individual sets of articles, this emphasizes that the proportion of articles with at least 1 citation is practically 100% (98.7%).
For Mendeley readers count it is observed that the proportion of articles with at least 1 Mendeley reader is 97.5%, while the proportion with at least one Mendeley reader varied from 40.7% in humanities to 81% in psychology (72.4% for biomedical research and 71.6% for engineering and technology) for articles from 2010 to 2012 in PubMed and Web of Science (Haustein et al., 2014 ). There is a high level of interest among researchers in biomedical engineering applications.
In the case of Google Patents citation counts, the proportion of articles with at least 1 Google Patents citation is 35.9%, while the coverage in applied science and engineering varies for 1.9% in mechanical engineering to 10.1% in biomedical engineering for articles from 1996 to 2012 in Scopus Thelwall, 2017b) . Therefore, we can say that a high rate of transfer between science and technology is taking place.
As for Wikipedia citation counts, the proportion of articles with at least 1 Wikipedia citation is only 1.5%, whereas the proportion with at least one Wikipedia citation varied from 1.4% in Computer Science to 10.7% in History for articles from 2005 to 2012 in Scopus Thelwall, 2017a) . More time is required for new research and its applications to be broadly transferred to the academic field.
Limitations and other considerations
Finally, the present study, like all bibliometric/webometric analyses, has its inherent methodological limitations. Reliability of bibliometric data can be affected by the bibliometric database coverage (Web of Science). The impact indicators used show academic, and industrial and commercial impact, and have been used as a proxy for quality. However, estimates of quality based on these variables can be misleading because work may be cited for a variety of reasons, not all of which may reflect quality (Gunashekar et al., 2015) .
Hence, despite the fact that bibliometric/webometric analysis has been used increasingly as a tool within the scientific community (Ellegaard, 2018) and bibliometric/webometric methods offer a practical and impartial way to estimate publication profiles of scientific researchers, it would also be interesting to complete the results obtained with other methods, such as expert opinions and panels (Koskinen et al., 2008) .
The findings from this work suggest that AM technologies for biomedical engineering applications are emerging technologies, i.e. they are at an early stage of development
The USA shows the supremacy also demonstrated in other studies related to both research areas, additive manufacturing, and medicine; however, in the case of China it seems that this position is due to the area of the technology and not to the medicine
Conclusions and future lines of research
This research contributes to the diffusion of technologies to society, providing key elements to scientific and technological policy makers. Usually main productivity impact studies come from firms and follow a variety of methodological approaches. This paper addressing trends and the scientific impact of additive manufacturing technologies for biomedical engineering applications provides evidence on the generation and impact of scientific production from bibliometric data and suggests only one methodological approach for every study, which may be extended to other fields.
Additive manufacturing technologies have been identified as revolutionary because of their power to change, among other things, productive systems, skills and well-being; and they will have major implications for society, in general; and for policy makers, in particular.
In general, in AM technologies for BE applications is worth noting the clear agreement between where knowledge comes from and who is researching it (countries and institutions), except for the case of China, who, despite extensive research activity, would appear to have contributed relatively little to that field to date.
The greatest research areas from where the knowledge comes and research areas developed, are in both cases "Engineering, Biomedical" and "Materials Science, Biomaterials". It can also be deduced that the different areas of knowledge are following the same paths, for both where the knowledge comes from and where it goes. In addition, the fields of research have evolved very little, in general, inferring that they cover the same topics.
With respect to scientific journals, the most prolific journals and the most cited journals are in upper quartile rankings, which demonstrates the quality of the articles being published in the area.
Another important point to highlight is that the USA, apart from being the central character in scientific production, produces scientific studies into AM technologies for biomedical engineering applications that have higher academic, industrial, and commercial impact than the world average. This is not the case for China, the second most productive country in the area for academic impact but with merely good results in terms of industrial and commercial impact.
Finally, future work related with this study could take many forms, given the diversity of the current situation for additive manufacturing and informetrics. It would be interesting to analyze specific AM technologies and their behavior in different biomedical engineering applications. Further research should also use other primary search engines (like Scopus) and other scientific impact indicators. New scientific impact indicators could be Google Books citations and citations from the Grey Literature (academic impact); Syllabus mentions (educational impact); Clinical Trials or Guidelines (medical impact); and Blog citations (public engagement impact). Finally, it would also be interesting to expand this study to include other processes and technologies. Technologies and 3D, http://www.addimat.es) . At the time of furnishing assistance, the expert selected was a qualified engineer from Optimus3D (http://optimus3d.es), a company that provides comprehensive engineering and part manufacturing solutions, using different additive manufacturing technologies, both in plastic materials or resins, as well as metal.
Notes
A top technician was identified through Addimat (the Spanish Association of Additive Manufacturing
2. MNLCS is the average number of log-transformed citations for the group, divided by the average number of log-transformed citations for the corresponding world set (Thelwall, 2016) .
3. EMNPC is the proportion of articles cited for the group, divided by the corresponding world proportion of cited articles for the same field and year (Thelwall, 2016) . 4. NaN (Not a Number) in the sample confidence limits mean that these are impossible to calculate and are effectively infinite.
5. Even though normally unique domains value is best information value (to avoid counting multiple similar pages in a single website), in the case of Wikipedia URLs value is better (Kousha; Thelwall, 2017a).
Additive manufacturing technologies have been identified as revolutionary because of their power to change, among other things, productive systems, skills and well-being; and they will have major implications for society, in general; and for policy makers, in particular
The most prolific journals and the most cited journals are in upper quartile rankings, which demonstrates the quality of the articles being published in the area
